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Depa rtment of Chemistry
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University of Pennsylvania

Philadelphia, Pennsylvania 19104

and

ii. Shi rakawa and S. Ikeda
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Yokohama, Japan

Abstract

Optical absorption and reflection measurements have beeti carri ed

out on pure and doped pol yacetylene fi lms. The absorpt ion data are con-

sistent with a model of (CH)
~ 

as a di rect gap q u a s i- i d  semiconducto r; doping

with AsF5 or  iodine int roduces absorption withi n the gap, but appears to leave

the Int e rband transit ion intact. The anisotropi c reflectance f rom pa rtially

aligned films and the inc reased optical anisotropy upon doping provide

evidence of q u asi -I d  behavior of the semiconducting pu re pol yme r and the

metallic doped pol ymer.
. . ‘~~

‘. 
~~~~
.

Work at the University of Pennsylvania suppo rted by the Office of Naval
Research.
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As a result of the extended n-e lec t ron  system in long chain

polyenes , an extensive l i terature 1 
has developed devoted to the experi-

mental and theoretical stud y of these model systems. In pa rallel with

this, inte rest has g rown in recent yea rs in the area of quasi-one-dimensional

(I d) conductors. 2 Although wo rk in this area 2 focused initially on cha rge

transfer molecula r crystals  with anisotropic s t ructures , extension to

3-9appropriate long chain pol ymers as of clear impo rtance. Recent studies

of polyacetylene , (CH) , have provided a point of contact for  these two

problems. Polyacetylene is the simplest of linear pol yene s and provides

the physical example of ext rapolation to very long (infi nite) chain length.

The chain-like structure with one n-electron per  carbon atom suggests

that (CH) may be the fi rst example of a covalent organic pol ymer  in what

has grown to become a wide class of quasi-(1 d) conductors.

An anisotropic electronic s t ructure  is implied by comparison of

the int rachain and interchain electronic overlap. The int racha in coup ling

is dete rmined by the strong n-e lec t ron overlap along the chain where-the

c-c distanc e of 1. 4 A leads to a t ransfe r integra l 8 2 - 2. 5 eV and an

overall bandwidth , W , of order  8 to 10 eV (W = 2z3 in tig ht binding theo ry

with z the numbe r of nearest  ne ighbors ) .  In cont rast , the interchain
10

distance is app roximately 3. 8 X, even g reatc r than the intermolecula r

distances in molecula r c rys tals such as TTF-TCNQ 2 , implying a na r row

transvers~ bandwidth with magnitude no g reater than a few tenths of an eV. 2
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Extensive dc transpo rt measurernents 3 9  have demonstrated that

semiconducting (CH) can be chemically doped with donors or  accepto rs

to yield n-type or p-type material , that the two kinds of dopant s can

compensate one another , and that a p-n junct ion can be fo rmed. Through

careful control of the dopant concent ration , 3-8 we have shown that the

electrical conductivity can be systematically varied over twelve ord e rs

of magnitude3 8  covering the full range from insulator to semiconductor

to metal. Transpo rt and infra red transmission studies indicate a semi-

conductor-to-metal transition4 at a dopant concentration near 1%. The

room tempe rature electrical conductivity of pa rtially oriented films of

tCH(AsF5 )0 t o ] is in excess of 2000 (f ~-cm)~~ with athsotropy 15. 8

In this paper we repo rt our initial studies of the optical properties
11, 12

of pu re and doped polyacetylene. The absorption spectra are consistent

with a strong interband transition cha racteristic of a direct gap semicon-

ducto r with a quas i -( I  d) density of states. Doping with AsF5 or ipdine

int roduces additional absorption in the ene rgy gap, but appears to leave

the principal interband transition intact suggest ing little change in the

basic band structure.  Polarized reflection spectra f rom stretch oriented

films reveal s ign if icatt  optical anisotropy. The and g results (fl and

.&. refe r to light polarized parallel and perpendicular  to the orientation

direction) impl y that the interband transit ion observed in absorption is

polarized along the chain axis. Ref lec tance  measurement s f rom s t re tch-or iented



r — 

~~~~~~~~~~ 

-

~~~

--

~~~~~ ~~~~~~~~~~~~~~~ 
— - -

~~~~~~~~
--- 

~~~~~~~

~~~~~~~ _____________ ______ ______________

. ~~~~~~~~~~~~~~~~~ 
. 

. — ,.. ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. - 

~ ~~~~~~~~~~~ 
..- ~~~r ~~~~~~~ ~

, 
~

I 
I

3

films heavily doped with As F6 are consistent with quasi-U d) metallic

behavlo r.

All measuremr~nts reported here were carr ied out with t r a n s -( C H ) x
10 , 13

synthesized using techniques described in detail by Ito et al. The stretch

orientation was obtained with the procedure developed by Shi rakawa and

Ikcda.
14

Visible absorption measurements  utilized thin films polyme rized

on the Inner surface of a glass reactor appa ratus. The film was kept

under vacuum during Initial measurements; doping into the metallic range

was carried out by subsequently int roducing iodine (or A s F )  vapo r.

• Electron mic rographs taken af ter  completion of the optical measurements

• indicated an approximate film thickness of 0. 1 ~m. For the reflection

studies, pieces of s tretched (CH)
~ 

film (.t/L
0 

= 2. 94) with thickness

approximately 0. 1 mm were  mounted (in a dry  box) on a glass support ,

which was then inserted into a g lass sample cell for  measurement .  La rge~

a rea PbS and Si photodetectors were  used (with phase sensi t ive  detect ion)

in a near-no rmal incidenc e sing le beam method. In the middle of the

measurement range , the reproducibi l i ty of absolute values was about 2~~

of R = 1; relative values were  reproducible  to about 1% of the measured

value. To dope the ref lectanc e samples , AsF5 gas was int roduced into

the sample cell g raduall y, over two hours ;  then the excess was pumped

off. Af ter  completion of the ref lectance measurements , leads were

_ _ _ _  - . - --~~~~~~~~~~ --~~~~~~~~~~ . —~~~~~~~ —~~~~~ - -~~~~~~~ - . - .  ~~~~~~~~~~~~~~~~~~~ L
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attached and 0
dc 

mea su red as a check on the doping. All reflectance

measurements were taken f rom the smooth lustrous surface of the films.

For the undoped polymer , the absorption curve (Figure 1) is in

15
qualitative agreement with the ea rlier results of Shi rakawa et al. The

absorption edge is quite sharp, rising much mo re rapidl y than the typical

three-dimensional (3d )  joint density of states , which inc reases from the

gap edge as (
~~- Eg)k In cont rast , if we assume weak Interchain coupling

as a rgued above , the 1 d joint density of states has the well-known (t - Eg
)~~

singularity at the gap ed ge with a corresponding ly steep absorption ed ge.

Actual attempts to fit with a Gaussian broadened 1 d density of states

resulted in good agreement with the data near  the gap ed ge. The magnitude

of the absorption maximum (~ 3 x l0~ cm 1)  is compa rable to that fo r

16interband t ransitions in mo re common di rect gap semiconducto rs.

Since the interband transi t ion in the (CH) pol ymer is

the infinite chain analogue of the lowest Ti~~n * transi t ion of sho rt chai n

polyenes , it is useful  to compa re Fig. 1 with the results obtaindd f rom

the latter. 
17 

The lineshape of the absorpt ion spectrum is indeed s imi lar

to that of o ther  pol yenes , and the energy of maximum abso rption

(E 1.9 eV for  (CH)
~~

) is in reasonable agreement  with extrapolation

from the sho rt chain systems. A precise  value for  the energy gap

requi res a detailed theoretical  model. If we assume a 1 d band s t r u c t u r e

with broadened I d densi ty of states , E E 1.9 eV. Using the mo reg max

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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conventional defi nition of the onset of absorption, one estimates

Eg~~~l s 4 _ l ~~6 C V ~ 
-

These values are considerabl y la rger than the activation ene rgy

obtained from temperature dependent resistivity studies of t r an s- (CH)
18

(0. 3 eV). Thi s is consistent with the transpo rt in undoped (CH) being

dominated by trace impu rities or defects as discussed earlier.

Ovchinnikov 1 has argued that the ene rgy gap ext rapolated to infinite

chain polyenes is too la rge to be accounted for  by simple band theory of the

bond-alternated chain , and he therefo re concluded that Coulomb correlations I
play an Impo rtant role. In a tight binding calculation , the band gap due to

bond alternation would be 63 = 6x 8(x ) where 6x is the
~x x 0 a o

differenc e in bond lengths and x0 the average bond leng th; $(x) S 0exp (-x la)

is the transfe r Integral  where a is a cha racteristic atomi c distance (a —. 0. 7 1)

describing the fall-off of the carbon Zp wavefunction (8(x ) 2. 5 civ) . If

we assume 5x takes the maximum value, equal to the diffe rence in bond

lengths between a sing le bond (1.51 A as in ethano) and a double bond

(1. 34 A as in ethylene) we estimate E
g 0. 6 eV. Certainly this question

19must be resolved with mo re detailed band calculations. However, based

on results obtained thu s far  In our  tr anspo rt3 9  
and magnetic 2° studies of

(CH) , we see no expi - r imental evidenc e suggestL~g strong Coulomb

correlations.

The absorption spectra a f te r  doping with iodine is shown in

Fig. 1; simila r results a re  obtained a f t e r  dopiv~g wi th  AsFF . There is

relatively s t rong absorption at low fr equenc ies within the gap as would

_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - - ~~~~- — - - -.~ 
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be expected for a heavily doped semiconducto r. Detailed studies of the

onset of absorption withi n the gap at l ightest doping levels a re  in progress .

More important in the c ontext of this stud y is the observation that the strong

Interband t ransition persists even at the highest  doping levels. Althoug h thi s

absorption in the doped polymer may be connected with the t H - i~ dide ion .

the nearly identical shape and frequency compared to the undoped polyme r

suggest that the abso rption befo re and after doping are of common origin.

Further, the same absorption is evident in the AsF doped pol ymer. These

data suggest that at least for  these dopants the basic IT-electron band st ructure

of (C1-l)
~ remains intact in the doping proc ess, consistent with the charge

transfe r doping model6 with A species between chains and/or on the surface

of the polyme r fibres.  An uninterrupted TT_ systern is consistent with the

excellent transpo rt properties of metallic doped (CH)
~
. On the other hand

21recent studies with bro mine doping have revealed a major change in the

6absorption spectru m upon doping. Thi s may be related to earlier observations

that bromine tend to add to the double bond (at least at high concentrations)

with a corresponding dec rease in conductivity. Studies must be car r ied  out

with a va riety of dopants before general  conclusions can be d rawn.

Throughout the above discussion we have assumed that the absorption

edge results from ~n interband t ransi t ion with the c reation of e lectron-hole

pai rs. The possibility of e lec t ron-hole  bound states (exci tons)  on the chain

must be considered Since such exciton transitions can lead to a sharp absorption

edge below the gap. Howeve r, the observation of this absorpt ion even at the
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highest doping levels a rgues against a t rans i t ion  to an exciton bound state ,

which would be screened in the metal. Moreover  early photoconductivity

measurements
22 

on powder samples sugges t  a photoconductive ed ge

consistent with the absorption ed ge.

Di rect visual inspection of oriented (CH)~ films reveals a silve ry

reflection, similar to Al foil , but somewhat da rk e r. Through a polar izer,

the reflection polarized parallel to the fibre and polymer chain orientation

di rection is silvery, but the reflection pola rized pe rp endicula r is past el

orange. Doping with AsF5 (a~ � l0~ (c2-cmY~~) p roduced no obvious chang e

by di rect vision on pa rallel polarizat ion , but the reflection polarized

perpendicula r became much darker. Thi s was stable for  a week; the

pe riod of observation. The matte reverse side of the film appeared

simila r but duller , and a slight brassy  colo r (visible with li ght pola rized

parallel to the f ibres)  developed in several days. Independent experiments

have shown that wiping or  sc raping of the dulle r reverse side reveals the

bright silvery polyme r surface , and that the brassy  colo r of the doped

polymer comes off with similar treatment.  We have also observed that

if AsF5 doping is allowed to proceed too rapidl y, the brassy color appears.

Carefully cont rolled conditions which lead to the hi ghest  electrical con-

ductivity result in the silvery doped films described above.

The reflectance resul ts  are  shown in Fi gures  2 and 3. For the

pris t ine sample , data show a broad maximum that cor responds  to the
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absorption peak near  2 eV . dec reases in the in f ra red consis tent  with

a semiconducto r pictu re ; ext rapolation of the low energy data sugges ts  a

low frequency reflectanc e of 12 to 18% implying a dielectri c constant,

E11
(o) 5. The perpendicular  reflectanc e is flat (— 4~~, E (o) 2) at low

frequencies , with a weak maximum centered at 1. 7 eV . At hig he r

fi equencies R falls propo rtionatel y f a s t e r  than suggest i ng that the

observed st ruc tu re  in ~ is int rinsic and not the result  of incomplete

orientation. The optical anisotropy goes th rough a minimum of (c~~/ R )  = 4. 7

at 1.65 eV , inc reases to (~~~/ ~. ) — 10 at 2 .5  eV , then dec reases at

hi gher energy.

Heavy doping of the samp le with AsF6 (~~~~ 
� lO~ ((~—crn )~~~) inc reases

below 1.4 cV (Fi g. 3 ) ;  the low f requency  results a re  similar to the f ree

4 ca r r i e r  reflectanc e in heavil y do ped semiconductors . ’3 The t r a n s_ ( C H )
~

maximum nea r 2 eV remains af t e r  doping, consist ent wi th th e absor ptio n

results descr ibed ea rl ier .  However  any estimate of energy  shift  or  change

in strength is di f f icul t  due to the onset of the lower ene rgy reflectance.  The

1. 7 eV peak in ~ essentially disa ppears  af te r doping ,  and the re is a modest

inc rease in reflect ion at both lower and hig her  energ ies.  However , the

overall result  is an inc rease of the optical an isotropy at all ene rg ies

below 2. 5 eV.

A somewhat mo re quan t i t a t i ve  compa rison of the absorpt ion  an~

ref lectance of the undoped pol y m er  can be made by mode l in g th

interband t r a n s i t i o n  as a sing le Loren tz  osc i l l a to r  c en t e red  a’

~~~A.
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Fhus , assuming

oI~
E(w) 1 + ~~ - - ~

g

loads to E
g 

A wg 
= 2 cV~ A Cl 4. 0 cV and At’ 0.54eV; the latter two

pa rameters  being determined by f i t t i ng  to and eV). From these

one cetirnates a peak absorp t ion  at 2 eV of a. ~ 5 x l0~ cm 1 in good agreement

with FIg. 1. More  detailed comparison must await a K r am cr s -K r on ig  ana l -

yale of the full re f lec tance  spec t rum;  extension of the re f lec tance  into the fa r

i r i s  In prog re ss .  Note , ho w e v e r , that the imp lied quan t i t a t i ve  agreement

between the data f ro m  pa rtiall y al igned films of undop ed (Cil)
~ 

(Fig. 2)
II

and the abso rpt ion by n on-a l i gned f i lms  (Fig. I )  imp lies tha t  the st rong

absorption is  polar i~~cd along the chain d i rec t ion .  We th e r c f o rc conclude

that the an i so t ropy  is i n tr in s i c  and i s  p re sen t  on a sing le f ib re  scale in the

4 n o n — o r i e n t e d  pol y m er .  The la r~ e optical  an isot ropy  is cons i st ~~n~ with  a

qu a s l - ( l d )  band s t ruc tu re as descr ibed above.

The effect  of dop in g  on the r e f l t ’ct a n c  c is  cnti rel y cons i s ten t  wi th

the prev iou s  in t e  rp r et at i on  of a meta l  — se mi cu n d u c t o  r t r a n s i t i o n  in doped

pol y acc ty l e u ’ . The int e rhand t r a n s i t i o n  remains v i s i b l e , but the  re flec tanc e

begin s to r ise at lo w e r  f r e qu e n c i e s  du e to the f r ee  c ar r i er  con t ri bu t ion  to

the d i e l ect  n c  f unc t i on .  D eta i l ed  Dr u dt  f i t s  reçui  re e x ten s i o n  of the d a t a

int o t h e  fa r I r , whi ’  rt ’ p r e l imina  ry exp I ’ r imen t  s in d i c at e  m e ta l l i c  r e f l e c t iv i t y .

Li
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In sufliflu’ ry , optical  abso I r t  t o t i  ~~~ refl ection n~ea su t~’mc’nt s hay  t~

been v-a r v-led out on pu re and clep t ’tl  pol y~t e ly l o tie Iii m s. Tb e a t s u vpt I ot t

data a re con s i st en t  w i th  a iaioth ’ l el (Cii) as a di rect batut qua m mi — ( 1  d)

sen iteonducto t’; dop iu~ w i t h  I o d i n e  t o  a’ As ) tn t  v~ dut ’ es a l ist ’  rpt Ion w i t h in  the

gap, but appea rs to te~ ve the tn t  e t’band t nan ’~L t L o n  tnt a ct .  The a t t i  sot rop le

r~ f toct a t icC fron i  pa r t t a l l y a l ign ed  ( t i t u s  and the In c reaset i  o p t i c a l  a n i so  —

t ~~py upo n dopi n~ p no v ide  ovId i~nct ’ (o v t i t l e roscop it’ an t  ~~ut  repy 1. e. ,

quasi ( I  d) behav to r • in bet it (he semi endu e  t tu g  s t a t e  et (he pu re pol y n t e  r

and the nt~ t~ t l t~ s t a t e  of t h e  doped pet yi m’ v.

e t h ank  C. K. C h i a  n~ and Y . W.  Pa rh fo r t t e ip  in

cha ra t  c i t  - a I a O t t  ‘~~ t he  doped f a t  in s  w tI  h e ndu~ t iv i t  y in i’a su a- c t ue  tt t s. Ct ’ a’

help iii p rep ’ a it ~ I he i l i i t ’ depet t  ( t h u s  ant i  Co v t t \ . t  u~ ( i t  ~‘c ’ r t ~ it t  ti I us  a o t t

S. C. ~~~~~ ~~ h e lp f u l  In ~~~~~~~~~~ t h e  abs”  t - t ~t t en  spe d run t  t e n  t h e  As I’

dopct% sa m p h ’ . \V a t o  ra I t ’  (ta t t o N an t  v \ a  ug (or et .t ai ni n~ I kt~’ t i 1w

thickne ’ s w it h  elect ron t a t t  t’ r u s t  op~~
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Figure Captions:

Figure 1: Absorption coeff ic ient  of t r an s - ( CH )~ be fo re  and a f t e r  doping
to satu ration as a func t ion  of f requency;  film th ickness  0. 1 .im.

undoped 

doped with iodine (simila r resul ts  are  obtained
afte r doping with AsF5

)

Figure 2: Anisotropic reflectanc e from pa rtially oriented film of
(C1-I)

~ 
( L / L  = 2. 94).

Figure 3: Anisotropic reflectance f rom pa rtially oriented fi lm of
(CH)~ 

( L it 0 = 2. 94) af ter  doping with AsF5 (o~ = i03 (Q-c mY1 ). 
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